ABSTRACT We exploited elevation gradients (1,500 Ð2,400 m) ranging from plains to montane areas along the Poudre River and Big Thompson River in the northern Colorado Front Range to determine how mosquito species richness, composition, and abundance change along natural habitat-climateelevation gradients. Mosquito collections in 26 sites in 2006 by using CO 2 -baited CDC light traps yielded a total of 7,136 identiÞable mosquitoes of 27 species. Commonly collected species included Aedes vexans (Meigen) (n ϭ 4,722), Culex tarsalis Coquillett (n ϭ 825), Ochlerotatus increpitus (Dyar) (n ϭ 546), Ochlerotatus trivittatus (Coquillett) (n ϭ 303), Aedes cinereus Meigen (n ϭ 280), Ochlerotatus melanimon (Dyar) (n ϭ 146), Ochlerotatus dorsalis (Meigen) (n ϭ 67), Culiseta inornata (Williston) (n ϭ 52), Ochlerotatus pullatus (Coquillett) (n ϭ 38), Ochlerotatus spencerii idahoensis (Theobald) (n ϭ 37), and Culex pipiens L. (n ϭ 29). Species richness was highest in plains habitats at elevations below 1,600 m. Numerous species were found exclusively or predominantly at low elevations below 1,700 m [Anopheles earlei Vargas, Anopheles freeborni Aitken, Coquilletidia perturbans (Walker), Culex erythrothorax (Dyar), Cx. pipiens, Culex territans Walker, Oc. dorsalis, Ochlerotatus hendersoni (Cockerell), Oc. melanimon, and Oc. trivittatus], whereas others occurred predominantly at high elevations above 2,300 m [Ae. cinereus, Culiseta incidens (Thomson), Culiseta morsitans (Theoblad), Ochlerotatus cataphylla (Dyar), Ochlerotatus intrudens (Dyar), Oc. pullatus, and Ochlerotatus punctor (Kirby)]. Ae. vexans and Cx. tarsalis were abundant in the plains (Ͻ1,600 m; mean JuneÐAugust temperature Ͼ19.5ЊC), occurred at low abundances in foothills and low montane areas (1,610 Ð1,730 m; 18.0 Ð19.5ЊC), and they were collected only sporadically in montane areas above 1,750 m (mean JuneÐAugust temperature Ͻ17.5ЊC). These Þndings suggest that future climate warming may lead to shifts in distribution patterns of West Nile virus vectors (e.g., Cx. tarsalis) toward higher elevations in Colorado.
In 2003, Colorado experienced a West Nile virus (family Flaviviridae, genus Flavivirus, WNV) disease epidemic causing 2,947 reported cases of human disease and 63 fatalities (http://www.cdphe.state.co.us/dc/ zoonosis/wnv/). Larimer County in the northern Colorado Front Range was one of the focal points of this epidemic, with 546 reported WNV disease cases. This and other counties along the Colorado Front Range encompass tremendous ecological and climatic diversity as they extend from plains (prairie) habitat at low elevations through foothills shrub, montane and subalpine forest, and to alpine areas. Elevations range from Ϸ1,500 to Ͼ4,000 m and climatic conditions differ dramatically over short geographical distances. Major population centers in Larimer County (Fort Collins, Loveland) cluster in the southeastern part of the county at low elevations where the WNV vectors Culex pipiens L. and Culex tarsalis Coquillett (Goddard et al. 2002; Turell et al. 2002 Turell et al. , 2005 are abundant (Tempelis et al. 1967 , Smith et al. 1993 , Bolling et al. 2007 , Gujral et al. 2007 ). The risk of exposure to these and other mosquitoes in montane habitats at higher elevations to the west, which are heavily used by the rapidly growing Front Range population as well as tourists for recreational purposes during the summer, has received little attention. There are two previous studies suggesting that key human-biting mosquitoes such as Aedes vexans (Meigen) (ϭAedes vexans; see Reinert et al. 2004) , Cx. pipiens, and Cx. tarsalis largely are restricted to low elevations in the northern Colorado Front Range (Baker 1961 , Bolling et al. 2007 ), but a comprehensive study targeting adult mosquitoes has been lacking.
Knowledge of associations between elevation or climatic conditions and spatial mosquito distribution and abundance patterns in the Rocky Mountain region is crucial because predicted climate warming over the next 50 yr in this part of the country, which includes projected summer temperature increases of 1Ð2ЊC (Leung et al. 2004) , may allow Ae. vexans, Cx. pipiens, and Cx. tarsalis to extend their distributions to higher elevations and become more abundant near the cool end of their ranges. This would exacerbate the already serious problem with WNV disease in the Colorado Front Range by extending the area of risk for exposure to WNV vectors into montane areas heavily used for recreational activities during the summer when the vectors reach peak abundances (Smith et al. 1993 , Bolling et al. 2007 ). The primary goal of this study was to determine how mosquito species richness, composition, and abundance change along natural habitatclimate-elevation gradients in Colorado.
Materials and Methods
Study Area and Mosquito Collection. The study was conducted in Larimer County, CO, along habitat-climate-elevation gradients ranging from plains habitats below 1,600 m to foothillsÐlow montane areas (1,610 Ð 1,730 m), mid-range montane areas (1,750 Ð2,220 m), and high montane areas above 2,300 m. Sampling included sites located along the Poudre River and Big Thompson River corridors and in Rocky Mountain National Park at the upper reaches of the Big Thompson River (Fig. 1) . The general climate is characterized by cold winters and hot summers with low humidity, averaging Ϸ400 mm of precipitation per year at lower elevations (Mountain States Weather Services, Fort Collins, CO). Mosquito sampling was conducted during 2006 and included 10 sites along the Poudre River, 10 sites along the Big Thompson River, and six sites in Rocky Mountain National Park (Fig. 1) . Site locations were mapped with a global positioning system (GPS) receiver (Trimble Geo XT; Trimble Corp., Sunnyvale, CA). Site-speciÞc 30-yr mean climate data (mean monthly and annual minimum, mean, and maximum temperature; mean monthly and annual cooling and heating degree-days and base 10ЊC growing degree-days; mean monthly and annual precipitation, snowfall, and relative humidity; mean and median annual length of freeze-free period; median Julian date of Þrst and last snowfall) were derived from geographic information system (GIS)-based data for 1961Ð1990 (2-by 2-km spatial resolution; Climate Source LLC, Corvallis, OR) by using ArcGIS9.2 (ESRI, Redlands, CA). Site-speciÞc data on elevation were derived from the U.S. Geological Survey 30-m digital national elevation data set. Selected environmental site characteristics are given in Table 1 .
Mosquitoes were collected using CO 2 -baited CDC miniature light traps (John W. Hock Company, Gainesville, FL) suspended Ϸ 1.5 m above the ground and operated from afternoon (1500 Ð1700 hours) until morning (0800 Ð1000 hours). Each sampling site held (Harmston and Lawson 1967, Darsie and Ward 2005) . Taxonomic nomenclature for Aedini genera follows Reinert et al. 2004 . Approximately 8% of the collected mosquitoes were too badly damaged for identiÞcation to species or, in the particular case of sites in Rocky Mountain National Park, belonged to Aedes/Ochlerotatus species difÞcult to identify in the adult stage (Table 1) . Temperature and relative humidity were measured on each sampling occasion. For the sites located along the Poudre River, we also determined temperature and relative humidity, at Ϸ1 m above the ground on the north-facing side of a tree, every 30 min throughout the study period using HOBO H8 Pro series loggers (Onset Computer Corporation, Pocasset, MA). Data Analysis. Statistical tests used are indicated in the text. All statistical analyses were carried out using the JMP statistical package (Sall et al. 2005 ) and results were considered signiÞcant when P Ͻ 0.05.
Results

Species and Numbers of Mosquitoes Collected.
Mosquito collection during 2006 at 10 sites along the Poudre River corridor (AprilÐOctober), 10 sites along the Big Thompson River corridor (JuneÐSeptember), and six sites in Rocky Mountain National Park (JuneÐ August) in Larimer County, CO, yielded a total of 7,136 identiÞable mosquitoes of 27 species: Ae. vexans (ϭAe. vexans; see Reinert et al. 2004 ; n ϭ 4,722; 66.2% of total collected), Cx. tarsalis (n ϭ 825; 11.6%), Ochlerotatus increpitus (Dyar) (ϭAe. increpitus; n ϭ 546; 7.7%), Ochlerotatus trivittatus (Coquillett) (ϭAe. trivittatus; n ϭ 303; 4.2%), Aedes cinereus Meigen (ϭAe. cinereus; n ϭ 280; 3.9%), Ochlerotatus melanimon (Dyar) (ϭAe. melanimon; n ϭ 146; 2.0%), Ochlerotatus dorsalis (Meigen) (ϭAe. dorsalis; n ϭ 67; 0.9%), Culiseta inornata (Williston) (n ϭ 52; 0.7%), Ochlerotatus pullatus (Coquillett) (ϭAe. pullatus; n ϭ 38; 0.5%), Ochlerotatus spencerii idahoensis (Theobald) (ϭAe. spencerii idahoensis; n ϭ 37; 0.5%), Cx. pipiens (n ϭ 29; 0.4%), Culiseta impatiens (Walker) (n ϭ 21; 0.3%), Ochlerotatus hendersoni (Cockerell) (ϭAe. hendersoni; n ϭ 11; 0.2%), Anopheles freeborni Aitken (n ϭ 10; 0.1%), Culex erythrothorax (Dyar) (n ϭ 10; 0.1%), Ochlerotatus cataphylla (Dyar) (ϭAe. cataphylla; n ϭ 9; 0.1%), Ochlerotatus punctor (Kirby) (ϭAe. punctor; n ϭ 6; 0.08%), Anopheles earlei Vargas (n ϭ 5; 0.07%), Culiseta incidens (Thomson) (n ϭ 4; 0.06%), Coquilletidia perturbans (Walker) (n ϭ 3; 0.04%), Culex restuans Theobald (n ϭ 2; 0.03%), Culex territans Walker (n ϭ 2; 0.03%), Culiseta morsitans (Theobald) (n ϭ 2; 0.03%), Ochlerotatus intrudens (Dyar) (ϭAe. intrudens; n ϭ 2; 0.03%), Ochlerotatus nigromaculis (Ludlow) (ϭAe. nigromaculis; n ϭ 2; 0.03%), Ochlerotatus atropalpus (Coquillett) (ϭAe. atropalpus; n ϭ 1; 0.01%), and Ochlerotatus implicatus (Vockeroth) (ϭAe. implicatus; n ϭ 1; 0.01%) (Tables 1Ð3). Spatial presenceÐabsence patterns for selected mosquito species in Larimer County in 2006 are shown in Fig. 2 .
Mosquito Species Composition, Richness, and Diversity Patterns. Mosquito species composition changed dramatically along the habitat-climate-elevation gradients. Numerous species were found exclusively or predominantly at low elevations below 1,700 m (An. earlei, An. freeborni, Cq. perturbans, Cx. erythrothorax, Cx. pipiens, Cx. territans, Oc. dorsalis, Oc. hendersoni, Oc. melanimon, and Oc. trivittatus) , whereas others occurred predominantly at high elevations above 2,300 m (Ae. cinereus, Cs. incidens, Cs. morsitans, Oc. cataphylla, Oc. intrudens, Oc. pullatus, and Oc. punctor) (Tables 2Ð 4) . Ae. vexans and Cx. tarsalis were abundant in the plains (Ͻ1,600 m; mean JuneÐAugust temperature Ͼ19.5ЊC), occurred at low abundances in foothills and low montane areas (1,610 Ð1,730 m; 18.0 Ð19.5ЊC), and they were collected only sporadically in montane areas above 1,750 m (mean JuneÐAugust temperature Ͻ17.5ЊC) ( Table 4) . We notably collected single specimens of Cx. tarsalis in high montane areas at 2,360 m in Poudre Canyon (female) and 2,540 m in Rocky Mountain National Park (male). A few species spanned the entire elevation gradient examined; this included Oc. increpitus, Cs. impatiens, and Cs. inornata (Tables 2 and 3 ). Percentages of total numbers collected for each species by habitat-climate-elevation grouping (plains, foothills-low montane, mid-range montane, and high montane) are shown in Fig. 3 .
Mosquito species richness was highest at low elevations in the plains (10.8 Ϯ 1.7 species), followed by high montane areas (6.1 Ϯ 3.4), foothills and low montane areas (6.0 Ϯ 2.2), and mid-range elevation montane areas (3.1 Ϯ 2.5) (Fig. 4) (analysis of variance [ANOVA], F 3, 22 ϭ 8.44, P Ͻ 0.001; Table 1 ). No similar statistical difference was found for mosquito diversity, with average ShannonÐWiener indices ranging from 0.71 in foothills and low montane areas to 0.97 in high montane areas (P ϭ 0.25).
Mosquito Abundance Patterns in Relation to Elevation. Overall numbers of mosquitoes collected for individual species changed dramatically over the habitat-climate-elevation gradients (Tables 2 and 3 ). For the 11 most commonly collected mosquito species (Ae. vexans, Cx. tarsalis, Oc. increpitus, Oc. trivittatus, Ae. cinereus, Oc. melanimon, Oc. dorsalis, Cs. inornata, Oc. pullatus, Oc. spencerii idahoensis, and Cx. pipiens) , we also determined abundance per trap night during 20 June to 13 September ( Fig. 5 ; Table 4 ). Over this period, abundance differed signiÞcantly between habitat-climate-elevation groupings for 10 of the 11 mosquito species (the exception being Oc. spencerii idahoensis) (KruskalÐWallis rank sums test with chisquare approximation: 2 Ն 26.36, df ϭ 3, P Ͻ 0.001 in all 10 cases). Pairwise comparisons revealed signiÞ-cant differences (Wilcoxon ranked sums test with chi-square approximation; P Ͻ 0.05) for abundance by habitat-climate-elevation groupings (plains, P; foothillsÐlow montane, FLM; mid-range montane, MM; and high montane, HM) as follows: Ae. vexans (P Ͼ FLM Ͼ MM Ͼ HM); Cx. tarsalis and Oc. trivittatus Fig. 3 . Percentages of total mosquito numbers collected by species and habitat-climate-elevation grouping. in the transitional zone between the Central Plains and Rocky Mountains. This gradient includes warmer prairie areas to the east and successively cooler foothills, montane, subalpine, and, ultimately, alpine areas to the west. Larimer County can thus be expected to include mosquito species from two broad biogeographical zones (the semiarid prairie landscape of eastern Colorado and the mountains and high plateaus of western Colorado) and presents unique possibilities for studies on the impact of climate and habitat on mosquito species richness and biodiversity.
Mosquito species richness was highest in the plains (average of 10.8 species), decreased through foothillsÐ low montane (6.0) and mid-range montane habitats (3.1), and then rebounded in montane areas at high elevations (6.1). This agrees with the result of a previous study focusing on immature mosquito stages in neighboring Boulder County to the south (Baker 1961) . The decrease in mosquito species richness from the plains portion of Larimer County to mid-range montane areas likely results from numerous mosquito species (Ae. vexans. An. earlei, An. freeborni, Cq. perturbans, Cx. erythrothorax, Cx. pipiens, Cx. tarsalis, Cx. territans, Oc. dorsalis, Oc. hendersoni, Oc. melanimon, and Oc. trivittatus) reaching the "cool end" of their distribution ranges in the lower part of the Front Range climate-elevation gradient. Conversely, the increase in species richness from mid-range to high montane areas in Larimer County results from presence of cold-adapted mosquitoes such as Ae. cinereus, Cs. impatiens, Oc. cataphylla, Oc. implicatus, Oc. intrudens and Oc. pullatus at high elevations.
We very likely underestimated species richness at high elevations in Rocky Mountain National Park due to the difÞculty in identifying adult "blacklegged" Aedes/Ochlerotatus mosquitoes to species without the aid of molecular genetic techniques (West et al. 1997 (Baker 1961 , West et al. 1997 , West and Black 1998 .
Species Composition and Abundance Patterns. The altitudinal distribution of mosquito larvae in the Colorado Front Range was examined in Boulder County in 1959 Ð1960 (Baker 1961) . This study separated the elevation gradient into regions called plains (Ϸ1,500 Ð 1,800 m), foothills (Ϸ 1,800 Ð2,400 m), montane (Ϸ2,400 Ð3,000 m), and alpine (Ϸ3,000 Ð3,600 m). Although the elevation categories used differ between the studies, we were able to broadly compare the results for 15 species recorded from both studies. Both studies found that species largely restricted to elevations below 1,800 m in the northern Colorado Front Range include Ae. vexans, Cx. pipiens, Cx. tarsalis (Laskey 1946 , Smith et al. 1993 , Bolling et al. 2007 , Gujral et al. 2007 ). This was, in our case, probably related to a combination of sampling sites being located primarily in habitats lacking human habitation and our choice to collect mosquitoes by using CO 2 -baited light traps. A previous study from western Colorado indicated that Cx. pipiens most commonly is collected in urban or semirural settings (Tsai et al. 1988) . Furthermore, use of gravid traps in addition to the CO 2 -baited light traps likely would have boosted the numbers of Cx. pipiens and possibly also Cx. restuans, Cs. incidens and Cs. inornata collected (Tsai et al. 1988 (Tsai et al. , 1989 Brust 1990; Reisen et al. 1999 (Goddard et al. 2002; Turell et al. 2002 Turell et al. , 2005 Tiawsirisup et al. 2005a; Reisen et al. 2006) . However, the importance of these species as enzootic WNV vectors or bridging vectors of WNV to humans also depends on their local abundances, rates of WNV infection, and feeding preferences. The importance of Cx. tarsalis and Cx. pipiens as WNV vectors at lower elevations in eastern Larimer County is well established (Bolling et al. 2007 , Gujral et al. 2007 . We speculate that a virtual lack of these or other birdfeeding Culex mosquitoes at higher elevations in Larimer County is a key factor currently impeding the establishment of WNV and preventing outbreaks of WNV disease in heavily used recreational montane areas such as Rocky Mountain National Park. At elevations above 2,300 m, Cx. tarsalis (n ϭ 2 specimens; Table 2 ) and Cs. morsitans (n ϭ 2 specimens; Table 2) were the only commonly bird-feeding mosquitoes collected (Tempelis 1975) . However, the recent Þnding that mammals such as Tamias chipmunks and Sylvilagus rabbits can develop viremias allowing for WNV transmission to feeding mosquitoes (Tiawsirisup et al. 2005b , Platt et al. 2007 ) poses interesting questions regarding the potential roles of primarily mammal-feeding mosquitoes such as Ae. vexans, Cs. inornata, and Oc. trivittatus (Pinger and Rowley 1975 , Tempelis 1975 , Nasci 1984 as enzootic WNV vectors or bridging vectors of WNV to humans. These species are common in the Colorado Front Range (Tables 2 and 3) , and Ae. vexans and Cs. inornata are naturally infected with WNV in this area (Bolling et al. 2007) . Additional studies are needed in the Colorado Front Range to clarify the roles of different vertebrate and mosquito species in the ecology of WNV at low elevations and to assess the potential for establishment of WNV transmission cycles at higher elevations.
Potential Effect of Climate Change. Because several mosquito species reach the "cool end" of their ranges, or decrease dramatically in abundance, along habitat-climate-elevation gradients in Larimer County, this area provides intriguing possibilities for long-term empirical studies on the effect of climate warming on local mosquito distribution and abundance patterns. Although the need for such studies on Cx. tarsalis was recognized more than a decade ago (Reeves et al. 1994) , there still is a dearth of research activities empirically addressing this issue. Cx. tarsalis is, based on its high vector efÞciency (Goddard et al. 2002 , Turell et al. 2005 , common occurrence (Tsai et al. 1988 (Tsai et al. , 1989 Smith et al. 1993; Reisen and Lothrop 1995; Wegbreit and Reisen 2000; Bolling et al. 2007; Gujral et al. 2007) , and propensity to feed on both birds and mammals (Tempelis et al. 1967 , Hess and Hayes 1970 , Lothrop and Reisen 2001 ) considered a primary vector of WNV to humans in Colorado and indeed the western United States. We collected low numbers of Cx. tarsalis at elevations ranging from 1,750 to 2,360 m along the Poudre River and on a single occasion in Rocky Mountain National Park (primarily in late summer; data for seasonality pattern not shown). This highlights the potential for Cx. tarsalis to, under a scenario of climate warming, become established at elevations in mountainous areas of the west where it currently is absent or scarce. The data presented here from Larimer County provide a baseline for future empirical studies aiming to determine how climate warming impacted distribution and abundance patterns of this important vector.
